2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) affects the thyroid morphologically and/or functionally in adult animals. Recently, the National Toxicology Program conducted a 2-year gavage study of TCDD in female Harlan Sprague-Dawley rats. The only treatment-related alterations found in thyroid follicles were decreased luminal size and increased height of the follicular epithelial cells, without prominent protrusion into the lumen. The present study elucidated the nature of these follicular lesions. Thyroid glands of 10 rats each from the control, high (100 ng/kg/day)-dose, and stop-study (100 ng/kg/day, 30 weeks; vehicle to study termination) groups in the 2-year study were evaluated microscopically. Twenty randomly selected follicles were measured morphometrically in each animal. TCDD treatment significantly decreased the mean ratio of luminal/epithelial areas and increased the mean sectional epithelial height of the high-dose group compared to controls. Thyroid sections were immunostained with antibody against minichromosome maintenance (MCM) proteins, a novel cell-cycle biomarker. The MCM labeling index of the high-dose group was significantly higher than that of the control; however, the TUNEL labeling index was also higher in the high-dose group than the control. All data from the stop group were comparable to those from controls. These results indicate that the follicular cell response was hypertrophic and reversible. This information should contribute to diagnosis of nonneoplastic thyroid follicular lesions in rats.
INTRODUCTION
The International Agency for Research on Cancer (IARC) has concluded that 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) is a human carcinogen (IARC group 1 classification) (International Agency for Research on Cancer, 1997) . This conclusion was based on evidence of increased incidence of cancer observed in follow-up studies of industrial workers accidentally exposed to large amounts or constantly exposed to trace amounts over a long period of time (Becher et al., 1996; Fingerhut et al., 1991; Ott and Zober, 1996; Saracci et al., 1991) . Sufficient evidence of carcinogenicity in experimental animals (Della Porta et al., 1987; Kociba et al., 1978; National Toxicology Program, 1982a , 1982b Rao et al., 1988) supported that conclusion (International Agency for Research on Cancer, 1997) .
Exposure to TCDD has been shown to affect the thyroid morphologically and/or functionally in adult animals (Gorski and Rozman, 1987; Henry and Gasiewicz, 1987; National Toxicology Program, 1982a; Potter et al., 1983) . Chronic gavage administration of TCDD (average daily equivalent doses: 10-500 ng/kg/day) caused increased incidence of thyroid follicular cell adenomas of Osborne-Mendel rats (National Toxicology Program, 1982a) . Speculation that TCDD is a thyroid carcinogen was derived from results ob-tained from female Sprague-Dawley (SD) rats treated with TCDD (average daily equivalent doses: 0.1-125 ng/kg/day) for 30 weeks (Sewall et al., 1995) . Other data indicated, however, that no increased incidence of thyroid follicular cell adenomas occurred in SD rats treated with TCDD-containing (1-100 ng/kg/day) diet for 2 years (Kociba et al., 1978) .
TCDD is the most toxic compound in the chemical class of the polyhalogenated aromatic hydrocarbons (PHAHs) that always exist in the environment as complex mixtures; thus, exposure to PHAHs occurs as exposure to a complex mixture. To simplify assessment of the complicated risks of exposure to these PHAH mixtures, the concept of the Toxic Equivalence Factors (TEFs) 1 has been developed (Ahlborg et al., 1992; Barnes, 1991) . Recently, as part of an initiative to evaluate the TEFs for the carcinogenicity of dioxins, the National Toxicology Program (NTP) conducted another 2-year carcinogenicity study in female Harlan SD rats (National Toxicology Program, 2004) . (The design of the study is described under Methods.) In that study, although serum thyroxine (T 4 ) levels decreased and thyroid 1 Abbreviations: AF%, percentage of activated follicles; ANOVA, Oneway Analysis of Variance; L/E, ratio of follicular luminal area to epithelial area; LSD, Least Significant Difference; MCM, minichromosome maintenance; MCM-LI, MCM labeling index; NTP, National Toxicology Program; PHAH, polyhalogenated aromatic hydrocarbon; PWG, Pathology Working Group; SEH, sectional height of lining epithelial cells; T 4 , thyroxine; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TEF, Toxic Equivalence Factor; TSH, thyroid stimulating hormone; TUNEL, terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling; TUNEL-LI, TUNEL labeling index.
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a This lesion was investigated in the present study. b Numbers in parentheses represent the mean grade of nonneoplastic lesions and those in brackets indicate the incidence of neoplasms. * p < 0.05 and * * p < 0.01 vs. the control value by Poly 3 test.
stimulating hormone (TSH) levels increased in the interim examinations, no dose-dependent increase in the incidence of thyroid neoplastic lesions occurred (Table 1) . Instead, there were treatment-related nonneoplastic changes consisting of smaller follicles with narrower luminal spaces and higher lining epithelial cells compared with normal thyroid morphology. These changes were first diagnosed as follicular atrophy, probably due to shrinkage of follicles. The Pathology Working Group (PWG) of the NTP has reviewed the histopathologic changes and proposed that these lesions be diagnosed as hypertrophy. No quantitative evidence is available to support whether these lesions should be categorized as hypertrophy, atrophy, or hyperplasia. Hypothesizing therefore that the response might be hypertrophic and attempting to resolve this issue, we conducted this retrospective study using morphometric analysis and immunohistochemical techniques. The size of thyroid follicles was measured morphometrically to determine whether TCDD induced hypertrophy of the epithelium and increased the ratio of epithelial area to follicular luminal area. To analyze any possible increase in the number of follicular epithelial cells, proliferative activities of these cells were examined immunohistochemically. As a biomarker of proliferation of follicular epithelial cells, immunolocalization of minichromosome maintenance (MCM) proteins was used. MCM proteins are indispensable to DNA replication in all eukaryotic cells (Chong et al., 1995; Kubota et al., 1995; Madine et al., 1995) , and their recent localization has facilitated identification of cellular proliferation and tumor diagnosis and/or prognosis in human pathology (Alison et al., 2002; Freeman et al., 1999; Kodani et al., 2001; Rodins et al., 2002) ; however, their application as a cellular proliferation indicator in rodents has been limited.
Although TCDD is thought to be a multi-organ carcinogen, the compound is believed to be nongenotoxic (Fahrig, 1993; Geiger and Neal, 1981) . In the recent NTP investigation of TCDD (National Toxicology Program, 2004), groups of rats treated with the highest dose of TCDD for 30 weeks and 30 weeks plus vehicle until the termination of the study (stop group) were examined to test the hypothesis that a relatively shorter period of TCDD treatment cannot promote tumorigenesis. In the present study, we went a step further to determine morphometrically whether the lesions observed in the thyroid of the stop group were reversible.
The purpose of the present retrospective study, therefore, was to characterize and evaluate treatment-induced changes in the thyroid gland of rats chronically exposed to TCDD and those that received a 30-week exposure and were held until 2 years without further TCDD treatment.
MATERIALS AND METHODS
Chemicals: 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, CR82-2-2, purity approx. 98%) was supplied by IIT Research Institute (Chicago, IL). Acetone and corn oil were obtained from Spectrum Quality Products (Gardena, CA). Specific amounts of TCDD dissolved in acetone were added to corn oil to yield concentrations of 0, 1. 2, 4, 8.8, 18.4, or 40 ng TCDD per ml of vehicle (acetone/corn oil = 1/99).
Animals and Treatments:
Female Harlan Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN; body weight 150-176 g) were chosen because they are commonly used in subchronic and chronic studies with dioxinlike compounds and for the calculation of TEF values (Gao et al., 2000; Haag-Grönlund et al., 1998; van der Plas et al., 2000) . After acclimation and randomization by body weight, groups of 53-54 rats were administered 0 (control), 3, 10, 22, 46, or 100 ng TCDD/kg body weight in corn oil (2.5 ml/kg) by gavage once daily, 5 days per week for up to 2 years. In this study the group given 100 ng/kg/day TCDD was designated the high-dose group; an additional group treated with 100 ng/kg/day for 30 weeks followed by vehicle treatment through the termination of the 2-year study was designated the stop group. For the histological and immunohistochemical assessments, 10 animals, from each of the dose groups containing the approximately 50 animals, were selected on the basis of their assigned numbers; the lowest 10 numbers of the surviving animals were chosen, thus imparting indiscrimination to the analysis. Rats were housed 5 per solid polycarbonate cage (Lab Products Inc., Maywood, NJ) bedded with irradiated Sani-Chips hardwood chips (P. J. Murphy Forest Products Corp., Montville, NJ). Animal-room environmental controls were set to maintain a temperature of 69-75 • F and a relative humidity of 35-65%, with a minimum of 10 fresh air changes per hr and exactly 12 hr of fluorescent light daily. Animals were allowed free access to irradiated NTP-2000 pelleted feed (Zeigler Brothers, Inc., Gardners, PA) and tap water. Background daily intake of TCDD in the control through feed and corn oil was estimated to be approximately 6 pg/kg/day. All animal experiments were performed at a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Histology and Morphometry: Hematoxylin and eosinstained thyroid tissue slices were examined for the presence of neoplastic and nonneoplastic lesions. The thyroids of animals were analyzed morphometrically, as described elsewhere Nishimura et al., 2002; Sewall et al., 1995) , with minor modifications. Briefly, digital pictures of 10 nonadjacent 10× fields (5 pictures from each lobe) were taken. Two follicles that were localized on or closest to 2 fixed coordinates were selected in each picture, resulting in 20 follicles to be analyzed. Using NIH Image, version 1.61, and a pixel-to-square-micrometer conversion, we measured areas of each follicle and its lumen. The epithelial area was then calculated by subtracting the luminal area from the follicular area, and the luminal/epithelial area ratio (L/E) was calculated. This parameter is a combined measurement that reflects TCDD-related increases in thyroid follicular hypertrophy as well as decreases in the follicle size. In the same 20 follicles, the sectional height of lining epithelial cells (SEH) was also measured using NIH Image. The SEH was defined as the mean of the vertical lengths of 4 epithelial cells that were measured every 90 degrees in each follicle. The value reported for each animal represents the mean of 20 follicles per tissue section.
Follicular colloid condition, which serves as a marker of thyroid function, was also evaluated. Follicles with eosinophilic homogenous colloid were defined as "inactivated" follicles, and those with colloid that looked granular and/or resorbed were regarded as being functionally "activated." A digital file of a grid of fine lines with a 2-inch interval was created and layered on one of the thyroid pictures on the platform of the NIH Image. The grid file had 12 points of intersection, and inactivated and activated follicles were respectively counted when they had an obvious lumen and were on one of the intersections. The percentage of activated follicles (AF%) was calculated for each animal by dividing the number of activated follicles by the sum of activated and inactivated follicles.
MCM Labeling Index:
To elucidate the proliferative activity of follicular epithelial cells, antibody to MCM protein was used. MCM antibody was selected in the present study because preliminary studies revealed that the antibody reacted with more nuclei than antibodies against PCNA and Ki-67 (data not shown). The usefulness of MCM antibody is known to be comparable to that of Ki-67 (Wharton et al., 2001) .
Immunohistochemistry was performed using the avidinbiotin peroxidase method on the Nexes TM (Ventana Medical Systems, Inc., Tucson, AZ) automated instrument for immunohistochemistry. Sections of thyroids from 4 or 5 of the 10 lowest-numbered animals from each dose group were stained using a polyclonal antibody to MCM protein mixture 2-7 (BD Biosciences Pharmingen, San Diego, CA) at a concentration of 1:300. Sections of the gastrointestinal tract of the mouse were used as an external positive control tissue for the stain. Following rehydration through a series of graded alcohols, all slides were placed in 1× Automation Buffer (1× AB) (Biomeda Corp., Foster city, CA). Following the buffer wash, heat-induced epitope retrieval was completed by placing the slides in distilled water in the microwave oven. Slides were cooled for 20 min, rinsed in distilled water, and placed on the Nexes TM using a titration run with the AB detection Kit TM (Ventana) without amplification. The primary antibody incubation time was 32 min. Upon completion of the stain, the slides were removed from the instrument and placed in warm tap water with a detergent to remove the Liquid Coverslip (Ventana). After rinsing in water, sections were counterstained with Harris hematoxylin (Harleco, Gibbstown, NJ), blued in 1X AB, dehydrated through a series of graded alcohols, and coverslipped with Permount (Surgipath Medical Industries, Inc., Richmond, IL).
The nuclei in MCM-stained sections were observed and counted by light microscopy. For each animal, 1000 nuclei were counted, and the numbers of MCM-positive and MCM-negative nuclei were recorded. The MCM labeling index (MCM-LI) was calculated by dividing the number of MCM-positive nuclei by the total number of nuclei counted. In addition, if available in the same slices, the MCM-LI of C-cell hyperplasias and adenomas was also examined as an internal positive control.
TUNEL Staining: ApopTag In Situ Apoptosis Detection Kit (Intergen Company, Purchase, NY) was used to detect apoptotic cells by the terminal deoxyribonucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (Gavrieli et al., 1992) . From the control and high-dose groups, 3 animals per group were selected for this method. The stop group was not evaluated.
Apoptotic cells were identified by a brown to black nuclear pigment. TUNEL-positive cells were identified by morphologic criteria as well as location within the thyroid. Follicular cells that stained positively by TUNEL were scored in a total of 1,000 nuclei of follicular epithelial cells. The number of TUNEL-positive cells in the follicular lumen was scored in 50 follicles located at the center of the thyroid. The ratio of TUNEL-positive cells per 1,000 cells counted (for the follicular epithelium) or per 50 follicles (for the lumen) was designated as the TUNEL labeling index (TUNEL-LI).
Statistics: Summary data are expressed as the mean ± standard deviation (SD). One-way Analysis of Variance (ANOVA) procedures were used to determine whether the variables of interest (L/E, SEH, and MCM-LI) were significantly different among the 3 experimental groups. If significant differences were detected, pairwise comparisons were made by Fisher's Least Significant Difference (LSD) test (Miller, 1966) . To evaluate the significance of the difference in TUNEL-LI between the control and high-dose groups, the Student's t-test was performed. For some variables, the logarithmic transformation was used to stabilize the variances.
RESULTS
In the treated groups, follicular epithelial cells were generally altered from flattened or short cuboidal to tall cuboidal or columnar, and the size of follicles was decreased, compared with the control group (Fig. 1) . Most of the follicles exhibited a rounded shape and did not protrude into the luminal space. These morphological characteristics suggest that these lesions are hypertrophic. The size of follicles was heterogeneous in each thyroid; morphometric analysis is sufficiently powerful to determine morphological differences. TOXICOLOGIC PATHOLOGY The results of SEH measurements are shown in Fig. 3 . TCDD treatment significantly increased the SEH of the high- dose group (9.72 ± 1.42 µm, p < 0.05) compared with that of the control (8.19 ± 1.32 µm). The SEH of the stop group (7.24 ± 1.58 µm) was significantly lower than that of the high-dose group ( p < 0.01) but comparable to the control level.
The histological appearance of follicular colloid is considered a reliable indicator of thyroid activation. In general, the follicle is inactivated when colloid is eosinophilic and homogenous; when the follicle is in an activated condition, colloid appears granular or basophilic due to its resorption by follicular epithelium Boorman, 1990, 1999) .
The AF% values are shown in Fig. 4 . The AF% of the control was 28.0 ± 16.9%, while that of the high-dose group was significantly higher (42.2 ± 12.4%; p < 0.05). The AF% of the stop group was 20.4 ± 11.4%, comparable to that of the control but significantly lower than the high-dose value ( p < 0.01).
Immunohistochemical detection of MCM proteins was performed to evaluate their proliferative activities and expressed as a representative parameter of LI. Fig. 5 presents the numerical data for MCM-LIs, and Fig. 6 shows typi- cal photographs of MCM-immunostained thyroid sections. Most of the nuclei of follicular lining cells of the control rats were negative to MCM (1.76 ± 0.34%, Figs. 5, 6a) . The mean MCM-LI of the high-dose group (3.21 ± 1.23%, Figs. 5, 6b) was significantly higher than that of the control group, but there were no significant differences between the stop group (2.20 ± 0.70%) and other groups (Fig. 5) . The antibody strongly reacted with nuclei of epithelial cells in murine forestomach that served as an external positive control (Fig. 6c) . In C-cell hyperplasias and adenomas, preneoplastic or neoplastic cells exhibited 5% to 27% labeling, supporting the contention that this antibody worked well to highlight replicating cells in proliferative lesions (Fig. 6d) .
Though MCM-LIs of the control and high-dose groups were relatively lower compared to those of C-cell proliferative lesions, there was a significant difference between these 2 groups. To determine whether follicular epithelial cells increased in total, we also counted the number of apoptotic cells. The results are shown in Table 2 . Apoptotic cells were scarcely found in the follicular epithelium of both the control and high-dose groups. At most, only 0.3% of follicular epithelial cells were apoptotic (Table 2, Fig. 7) . In contrast, when observed only in the follicular lumen, significantly more apoptotic cells were found in the highdose group compared to the control ( p < 0.05) ( Table 2 , Fig. 7) . The TUNEL-LIs of the control group ranged from 0 to 0.04 per follicle, while those of the high-dose group were 0.08, 0.12, and 0.56 per follicle.
DISCUSSION
The mechanism of action of TCDD is believed to be disruption of thyroid hormone homeostasis via the induction of the phase II enzymes, UDP-glucuronosyltransferases (Kohn, 2000; Kohn et al., 1996; Schuur et al., 1997; Sewall et al., 1995; van Birgelen et al., 1995; van der Plas et al., 2001) . Thyroxine (T 4 ) production and secretion are controlled by thyroid-stimulating hormone (TSH), which is under negative and positive regulation from the hypothalamus, pituitary, and thyroid by thyrotropin-releasing hormone, TSH itself, T 4 , and triiodothyronine. TCDD induces the synthesis of UDP-glucuronosyltransferase-1 mRNA by an aryl hydrocarbon receptor-dependent transcriptional mechanism (Bock et al., 1998; Yueh et al., 2003) . A consequent reduction in serum T 4 levels caused by an induction in conjugation by TCDD-induced UGT may lead to a decrease in the negative feedback inhibition on the pituitary gland. This would subsequently induce a rise in secreted thyroid-stimulating hormone resulting in chronic hyperstimulation of the thyroid follicular cells (Sewall et al., 1995) . Such intense stimulation may cause pathological changes including hypertrophy and hyperplasia, progressing to neoplastic lesions.
The reason for the lack of progression of the TCDD-related changes to neoplasia is unknown. Carcinogenic activity of TCDD in the thyroid follicles of Osborne-Mendel rats was previously reported (National Toxicology Program, 1982a) . In that study male rats showed a dose-related (10, 100, 500 ng/ kg/day) increase in the incidence of follicular adenoma, while an increase in the incidence of adenoma was observed only in the 500 ng/kg/day group in females. This dose was much higher than the highest dose (100 ng/kg/day) in the original study of this report (National Toxicology Program, 2004) . This information leads to speculation that female rats are less susceptible to thyroid follicular adenoma than males and that the dose used here was insufficient to induce follicular adenomas in females. Thyroid hormonal analysis was performed in the original study (National Toxicology Program, 2004) . The levels of TSH were measured at three interim sacrifices (14, 31, and 53 weeks) , but only at 53 weeks were the levels significantly higher in the 100 ng/kg animals compared to controls. That the levels of TSH did not remain high enough for a sufficiently long period of time to promote proliferation of the follicular cells is speculated. Another possibility is that the thyroid of rats can be desensitized to the action of TSH if a goitrogen is administered for a prolonged period of time (Shimo et al., 1994; Takizawa et al., 2003; Wynford-Thomas et al., 1982) .
As determined by image analysis, nonneoplastic lesions in the follicular epithelium occurred in a dose-dependent fashion. Morphologically, this lesion type consisted of smaller follicles and larger height of lining epithelial cells with no prominent protrusion of epithelium into the luminal area. Morphometrical evaluations of the follicular cells are sensitive indicators of potential toxic effects of xenobiotics on the thyroid gland (Capen, 2001; Nishimura et al., 2002) . The L/E represents the magnitude of sizes of both follicles and luminal spaces (Capen, 2001; Nishimura et al., 2002; Sewall et al., 1995) . Follicles with large L/Es exhibit flattened lining epithelium and a vast amount of colloid in large luminal spaces and should be classified as inactivated ones. In contrast, follicles lined by hypertrophied, thickened epithelial cells; containing basophilic or pale colloid within a narrower luminal area; and with relatively small L/Es may be considered activated. The SEH is another parameter indicative of hypertrophy of follicular epithelium. In the present study, that the L/E was lower and the SEH higher in the rats treated with 100 ng/kg/day TCDD, compared to values in the control rats, strongly suggests that chronic exposure of rats to TCDD causes follicular epithelial-cell hypertrophy. The other variable in this study, AF%, based on qualitative morphology of the follicular colloid, also supports this concept. TCDD treatment raised AF% in the thyroid significantly relative to that of the controls. Taken together, all of the morphological parameters, both quantitative and qualitative, were strongly indicative of hypertrophy.
Limited investigations have utilized MCM antibody in rodent cell culture studies (Bruemmer et al., 2003a (Bruemmer et al., , 2003b , but, to the best of our knowledge, MCM proteins have not been applied to rodent pathology. In the present study we tested its presence in mouse intestinal tissues as external controls and rat C-cell proliferative lesions as internal controls; the results showed that this useful biomarker identifies cellular proliferation immunohistochemically, for both normal and neoplastic rodent tissues. The MCM-LI of follicular epithelial cells in the high-dose group (1.76 ± 0.34%) was significantly higher than that of follicular epithelial cells in the control group (3.21 ± 1.23%). This result might suggest simplistically that the follicular lesion is hyperplastic; however, these data were close to each other in value, and the MCM-LIs of C-cell proliferative lesions (5-27%) were much greater than those of follicular epithelial cells. An increase in the number of cells (hyperplasia) must depend on the balance between the number of proliferating cells (represented as MCM-LI) and the number of dead cells (scored as TUNEL-positive cells). Although the percentage of TUNEL-positive cells in the follicular epithelium was comparable between the control and the high-dose groups, the TUNEL-positive cell count in the follicular lumen of the high-dose group was much higher than that in the follicular lumen of the control. This observation may imply that some excess number of epithelial cells became apoptotic in the lumina, resulting in a condition other than hyperplasia. Also implicit is the indication that, while the small increase in the MCM-LI was statistically significant, it probably does not hold biological significance, since the TUNEL-LI was also higher in the high-dose group.
In this study, our examination of the stop group elucidated the effect of withdrawal of TCDD treatment on the follicular lesion. The L/E, SEH, and AF% of the stop group were significantly different from the respective parameters of the high-dose group, and these as well as the MCM-LI of the stop group were comparable to the respective parameters of the control group. In the original NTP study, there was a dose-related increase in the incidence of thyroid follicular cell hypertrophy in the interim-sacrificed rats treated for 31 weeks (National Toxicology Program, 2004) . Other investigators (Sewall et al., 1995) also described the induction of follicular hypertrophy by TCDD within 30 weeks. Taken together, these results indicate that the long-term withdrawal of TCDD treatment could cause regression of follicular cell hypertrophy.
In conclusion, the data obtained from the present study, including morphological characteristics, indicate that these lesions should be diagnosed as follicular cell hypertrophy, not hyperplasia or atrophy, and that they are reversible.
